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SiliciclasticsThe coastal sabkha in Ras Gemsa, Red Sea coast with its colonizing microbial mats and bio-
ﬁlms was investigated. The sabkha sediments consist mainly of terrigenous siliciclastic material
accompanied by the development of evaporites. Halite serves as a good conduit for light and
reduces the effect of intensive harmful solar radiation, which allows microbial mats to survive
and ﬂourish. The microbial mats in the evaporite–siliciclastic environments of such sabkha dis-
play distinctive sedimentary structures (microbially induced sedimentary structures), including
frozen multidirected ripple marks, salt-encrusted crinkle mats, jelly roll structure, and petee
structures. Scanning electron microscopy of the sediment surface colonized by cyanobacteria
revealed that sand grains of the studied samples are incorporated into the bioﬁlm by trapping
and binding processes. Filamentous cyanobacteria and their EPS found in the voids in and
between the particles construct a network that effectively interweaves and stabilizes the surface
sediments. In advanced stages, the whole surface is covered by a spider web-like structure of bio-
ﬁlm, leading to a planar surface morphology. Sabkha with its chemical precipitates is a good
model for potential preservation of life signatures. It is worthy to note that the available, pub-
lished works on the subject of the present work are not numerous.
ª 2013 Production and hosting by Elsevier B.V. on behalf of Cairo University.Introduction
Many studies on microbial mats, the oldest and most success-
ful microorganisms, showed that metabolic activity of cyano-
bacteria and heterotrophic bacteria in carbonate marine
environments induces the precipitation of carbonates, whichin turn form a microbial buildup named stromatolites [1–3].
Recent studies have shown that microbial mats are also of
paleoenvironmental signiﬁcance in shallow siliciclastic shelf
settings through much of Earth history. Increasingly, micro-
bial communities are recognized for playing a potentially
important role in deﬁning and modifying surface sediment
characteristics in various settings, ranging from terrestrial,
through marginal marine to continental margins [4]. Siliciclas-
tic microbially induced sedimentary structures MISS [5–10] is
adding to our knowledge about both present and past life. Sys-
tematic studies, leading from modern to increasingly older
deposits, have revealed that fossil MISS occur in tidal ﬂat
and shelf sandstones of Phanerozoic, Proterozoic, and Arche-
an ages and appear to have shown very little changes since at
578 A.G. Taherleast 3.2 Ga [9,11–13]. The morphologies and paleoenviron-
mental distribution of such structures record the former pres-
ence of photoautotrophic microbial mats.
Sabkhas or ‘‘salt ﬂats’’ are among the most saline natural
environments that form under arid or semiarid climate. Their
level is dictated by the local level of the water table and forms
an equilibrium geomorphological surface, which may be peri-
odically inundated by water [14,15]. Capillary evaporation
leads to an increase in salinity of the interstitial waters and
thus favors the formation of evaporites. The study of sabkha
is important for several ﬁelds. Biologists were increasingly
interested in the study of hypersaline ecosystems as amazingly
high primary productivities are supported by such systems.
Geologists became aware of the fact that many metal–sulﬁde
deposits are associated with paleosabkha conditions [16,17].
Moreover, sabkhas have received many recent studies as they
form important permeability barriers in both aquifers and
hydrocarbon reservoirs [18].
In modern tidal ﬂat environments, e.g. sabkhas, where high
salinity restricts metazoans grazing, microbial mats tend to
ﬂourish. Siliciclastic sediments are widely overgrown by a great
variety of benthic microorganisms, especially cyanobacteria
which are most abundant in the upper intertidal and lower
supratidal zones [19]. Cyanobacteria are blossoming in wet
sandy environments and secrete sufﬁcient extracellular poly-
saccharides (EPS). The EPS are adhesive mucilage that enables
the benthic microorganisms to attach themselves to solid sub-
strates such as the surface of a quartz grain, to transport nutri-
ents toward the cell, and to buffer the microbes against the
changing salinities in their microhabitat [20].
A bioﬁlm is a collection of microorganisms, and their extra-
cellular products bound to a solid surface termed as substra-Fig. 1 Location maptum [21]. It can be also regarded as microbially stabilized
water [22] that glue and ﬁx the surface sediments in a process
known as biostabilization which increases stability against ero-
sion [23–26].
The aim of the present work is to characterize different sed-
imentary structures induced by the microbial activity in evap-
orites and siliciclastic sediments in the coastal sabkha
hypersaline environment, also to discuss the fossilization po-
tential of microbes in evaporites. It is worthy to note that these
structures are documented for the ﬁrst time in this particular
area of Egypt. In this respect, the detailed characteristics of
their formation are given, especially in the absence of many
published works on the subject.
Study area
The study area is the coastal sabkha of little Gemsa on the
western side of the Gulf of Suez along the Red Sea coast
Fig. 1. The Gulf of Suez is a large elongated embayment which
is part of the rift system dividing the African and the European
Asian plates. The modern Gulf of Suez occupies the central
trough of the Suez rift which is only 50–70 m in depth [27].
A relatively wide gently sloping, coastal plain exists along this
Gulf. The shoreline comprises a low-angle siliciclastic carbon-
ate ramp depositional system that passes onshore into an
extensive coastal sabkha environment. The sabkha extends
over a large area and displays a low slope with isolated patches
of high salt tolerant vegetation. It has no surface connection
with the sea but a subterranean one, ﬂuctuating with the tide
in the open sea.
Ras Gemsa is located between 27390000N and 333406000E
and covers an area of about 10 km2. Gemsa forms two tonguesof the study area.
Microbially induced sedimentary structures 579which are extending out in the sea. The eastern one is named
Great Gemsa and is 6.5 km long, while the western one is
named Little Gemsa and is 3.5 km long Fig. 1 [28]. They form
interbeds of evaporitic sulfates and marls of Miocene age.
Sand and gravel intercalations are found and marked by the
occurrence of an alluvial fan. The two tongues are separated
by a lagoon of about 4 km2. Numerous small wadis drain
the mountains of the area and dissect adjacent plains. These
are lined with scattered Acacia trees. In little Gemsa, wide ﬂat
area of extensive intertidal mud and sand ﬂats develops. The
intertidal sediment deposits are subjected to regular emergence
which leaves the surﬁcial sediment layers exposed to extreme
temperatures, rain and wind erosion, subsequent drying and
compaction. Perennial and shallow ephemeral water bodies ex-
ist, and the formation of salt crusts depends on the annual
alternation of dry and rainy seasons. These are depositional
areas of no water current velocities. The sediments often expe-
rience large ﬂuctuations in water content, salinity, and temper-
ature resulting in extreme conditions that limit the range of
organisms able to inhabit such an environment. Lower areas
are submerged for longer periods of time. The sabkha deposits
consist mainly of brown sand and silt with evaporites including
gypsum, and halite. Non-evaporite components, mostly of
detrital origin, include quartz, feldspars, and clay minerals.
The sabkha region is dominated by deposition of clastics
accompanied by the development of evaporites.Material and methods
The material used in the present study was collected during
June and December 2011 and October 2012. Thirty six surface
sediment samples were obtained from different zones of the
sabkha using a standard Ekman grap with a sampling dimen-
sion of 231 cm2. Sediment samples obtained were subjected to
granulometric and microscopic studies. The grain size analysis
of the sand (0.063–2 mm) and gravel (>2 mm) fractions was
carried out using dry–wet sieving techniques; silt and clay frac-
tions (ﬁner than 0.063 mm) were analyzed using the pipette
method [29].
Areas around the saline pools with luxuriant microbial
mats and bioﬁlm-forming assemblages were selected for sam-
pling. Selection was based on mat development and accessibil-
ity. Samples of the microbial surface were collected byTable 1 Grain size distribution of the studied sediment samples (va
Site No. of samples Avera
Gravel S
Perennial saline lake 3 5.3 5
3 10.87 8
3 21.2 7
Ephemeral saline pools 3 6.75 8
3 19.49 8
3 10 3
Dry and capillary mud ﬂat 3 0.86 8
3 5.95 3
3 4.90 3
Salt crust 3 21.49 7
3 – 9
3 – 9inverting a Petri dish and pressing it into the mat. The dish
was then removed, and the shallow mat core carefully lifted
and placed right-side-up in the Petri dish. The samples were
studied and investigated under the binocular microscope.
For scanning electron microscopy (SEM), 10 samples were
placed in small glass tubes (diameter 0.5 cm) ﬁxed immediately
in 4% glutaraldehyde solution diluted with water from the
sampling site. This treatment prevents osmotic shock and arti-
facts. The water was then removed in an ethanol series from
10% to 95% followed by two passages through absolute etha-
nol. Samples were then critical-point dried, gold-sputtered,
and studied under the SEM Jeol JSM 35 CF, Tokyo.
Climatic setting
The study area could be regarded as semiarid. The climate is
hot and dry, and rainfall is scarce. Data from Egyptian Mete-
orological authority, 2012 showed that the maximum temper-
ature recorded in the summer season (June–September) is
27.5 C, while the minimum, recorded in the winter season
(December–March), is 17.8 C. Relative humidity varies be-
tween 43% and 55%. The annual mean rainfall is 3 cm, con-
centrated in a few showers in the winter season, whereas
there is almost no rainfall for the rest of the year. The area
is one of the intense evaporations, where annual mean evapo-
ration rates along the coast are estimated to be 13.9 mm/
month. Northerly and northwesterly winds dominate the Gulf
of Suez. Stormy southern winds are much less frequent and oc-
cur mainly in February. These arid conditions keep the surface
water salinity above 220 g/L and allow the formation of the
sabkha along the coast. It also affects the formation of evapor-
ites. The fresh water supply in the area is limited to the amount
which could account for all the detrital material in the sabkha
area. Strong onshore winds prevail in the area and could con-
tribute some material from the Miocene outcrops and the base-
ment rocks.
Results and discussion
Grain size distribution
The grain size distribution and related textural classiﬁcation of
the surface sediments in the sabkha are summarized in Table 1.lues in %).
ge for each 3 samples Textural classiﬁcation
and Silt Clay
1.1 19.6 24 Slightly gravelly muddy sand
9 0.13 0.01 Gravelly sand
7.42 1.36 0.01 Gravelly sand
2.71 2.00 8.54 Gravelly muddy sand
0.43 0.06 0.01 Gravelly sand
4.85 33.4 21.75 Gravelly sandy mud
9.00 2.13 8.01 Muddy sand
7.5 33.55 23.00 Gravelly sandy mud
6.5 30.22 28.38 Sandy mud
8.43 0.06 0.02 Gravelly sand
9.9 0.09 0.01 Sand
5.9 2.3 1.8 Sand
580 A.G. TaherThe surface sediments of the investigated area consist of a wide
variety of textural classes. In the majority of sites, sand and
gravel fractions constitute the bulk of the sediment fractions
Table 1. The increase in gravel content in some samples reﬂects
the abundance of transported terrigenous sediments and bio-
genic materials. The high mud content is most probably due
to the terrigenous ﬂux of wadies.
Depositional subenvironments in Ras Gemsa sabkha
Geomorphological and Sedimentological features enable iden-
tiﬁcation of four well-deﬁned zones located at different topo-
graphical levels (1) perennial saline pools; (2) ephemeral
saline pools; (3) dry and capillary mud ﬂat; and (4) supratidal
ﬂat of efﬂorescent halite crusts.
Perennial saline pools
Perennial saline pools extend along the deepest part of the sab-
kha area Fig. 2a, with a depth that varies between 20 and
50 cm. The maximum surface area of the pools occurs during
winter season when several water bodies form one single pool.
Ground and surface waters ﬂow into the pools during ﬂood-
ing. Since the pools are closed and evaporation is high, water
levels and salinity ﬂuctuate seasonally, and the pools are muchFig. 2 Depositional subenvironments in Ras Gemsa sabkha: (a) P
periphery of the pools, (b) ﬂoating crusts of euhedral halite crystals.
microbial mat formed of ﬁlamentous cyanobacteria and algae with thei
material at the surface followed in depth by black color of the anoxic pa
pools fringing the perennial ones and formed of halite raft texture, (f)
and the capillary mud ﬂat is wet with the lack of interstitial saline midiminished in summer, to be subdivided into a group of com-
pletely smaller remnants. Windblown sand barriers, are com-
mon in the area, and inﬂuence to a considerable extent the
subdivision of the pools. Such barriers are colonized by vege-
tation, which is in distinct association with a tendency for salt
tolerance, along the periphery of the pools. The peripheral
parts of the pools are gently elevated and are surrounded by
concentric channels which are partially water-ﬁlled. The min-
erals in the pools are dominated by evaporites. Halite is the
essential mineral with a subordinate amount of gypsum. A
very thin ﬁlm of halite precipitates on the brine surface, which
tightly connected, mostly ﬂattened euhedral crystals, of trans-
lucent halite develop later at the air–water interface as ﬂoating
rafts Fig. 2b. They are held by surface tension until they are
large enough to sink to the bottom of the brine forming a
crust. Many crusts form as overgrowths on cumulated layers.
Small biscuits may result from crystal growth diagenesis at lo-
cal nucleation centers.
Cohesive microbial mats of gelatinous appearance grow to
a notable thickness at the margin of the perennial saline pools.
Samples taken from the upper surface of the sediments show
that the growth of microbial mats reaches up to 1.5 cm in over-
all thickness. This photosynthetic layer consists of a green zone
that is dominated by ﬁlamentous cyanobacteria and unidenti-
ﬁed algae with their EPS Fig. 2c. At depths greater than 2 cm,
the microbial mat becomes increasingly black in color.erennial saline pools with halite ﬂoating crusts that grow at the
Scale is 15 cm, (c) SEM photomicrograph of the upper layer of
r EPS. Scale is 5 lm, (d) patches of oxidized reddish brown organic
rt of the mat. Length of the match box is 5 cm, (e) ephemeral saline
dry sand ﬂat with thin efﬂorescent salt crust, a few cm in thickness
nerals (marked as d and c).
Microbially induced sedimentary structures 581In some parts around the saline pools, irregular patches of
oxidized organic material of reddish brown color are observed
Fig. 2d. Sediments with black iron sulﬁde are a distinctive fea-
ture in the coastal microbial mats, where sulfate reducing bac-
teria are active. The sediments contain high amounts of iron as
evidenced by the black color of the anoxic part of the mature
mats and the brown oxidized layer of the oxic part of the
freshly colonized sediment. The black color of iron reduction
is recorded for a few mm below the surface and could reach
the surface. This is probably due to the disturbance of the sur-
face cyanobacteria layer by current action which removes the
surface layer, leaving the iron-rich layer. According to Stal
[30], some species of ﬁlamentous cyanobacteria are capable
of binding iron to the polysaccharide sheaths where the iron
is reduced concomitant with its binding. Krumbein et al. [31]
explained that iron oxides may function as a redox buffer be-
tween anaerobic and aerobic organisms in the sediment, which
helps in maintaining low sulﬁde concentrations, and may con-
tribute to sediment stabilization.
Ephemeral saline pools
Ephemeral saline pools aremainly restricted to the southwestern
part of the area. They fringe also the perennial saline pools
Fig. 2e. Field observations during the years 2011 and 2012 indi-
cate that most of the pools in the western area are of the ephem-
eral type, since they dry up once a year during the hot summer.
However, water bodies may persist without drying up for a few
months, as was observed in the late 2011. They have relatively
ﬂat, vegetation-free surfaces, and lack surface outﬂows. The
pools area, range from 2 to 4 km2 during winter, being reduced
to 1–3 km2 during summer. The pools normally reach a maxi-
mum water depth of 10 cm. During winter months, the sedi-
ments are submersed due to the slightly higher water table of
the pools. In summer, the water level decreases and leaves white
halite crusts. The pools have a characteristic asymmetrical mor-
phology most probably due to their migration following the
dominant wind direction (NW). When the brine reaches the ha-
lite saturation point, crystallization starts at the brine-air inter-
phase as rafted textures. With time, crystals sink to the ﬂoor
where syntaxial overgrowthmay take place resulting in chevrons
and cornet halite.Whenever the pools have completely dried up,
a salt layer of variable thickness forms and cover the whole area
of the pools. The salt layer typically reaches a maximum thick-
ness of 5 cm; it is composed almost exclusively of cubic halite
with minor quantities of gypsum. The duration of the evapora-
tive concentration period ismostly governed by the hydrological
balance, where crystallization is very high in summer and where
dilution occurs in winter.
Dry sand and capillary mud ﬂats
The shallow hypersaline pool surface water is widely sur-
rounded by air-exposed saline ﬂats with a general scarcity of
water bodies Fig. 2f. The groundwater table stands closer to
the surface (approximately 0.8 m), allowing the development
of thinner efﬂorescent salt crusts (up to 1 cm thick). The efﬂo-
rescence is composed almost exclusively of halite (over 90%)
but is limited, almost entirely, to the surface. This high abun-
dance of halite indicates the total evaporation of upward mov-
ing marine water at the sediment–air interface. The sedimentsare mainly terrigenous which consist of poorly sorted medium
gravelly-sized siliciclastics sand. Halite crusts rarely exceed a
few cm in thickness, which generally dissolve during winter.
In the capillary mudﬂat, sediment surfaces are permanently
wetted by capillary movement of the groundwater and lack
any interstitial saline minerals Fig. 2f. Both dry and capillary
mud ﬂats are deﬁned by the total absence of vegetation.
Supratidal ﬂat of efﬂorescent halite crusts
The supratidal area is the marginal elevated zone that borders
the saline pools; it is located inland from the pools border to a
distance of about 200 m, so that it is not affectedby tidal currents
or even strong storms. There is no signiﬁcant presence of micro-
bialmaterial in this zone. The sediments thatmay reach 60 cm in
thickness aremainly clastics represented by sand, silt, andminor
claywith halite and disseminated gypsum. The clastics can be re-
garded as a matrix for the host evaporites. The supratidal area
acquires variable morphological shapes which pass abruptly
from one to another over distances of a few meters. They are
not exclusive to particular areas, but tend to have a patchy dis-
tribution around most of the pools. Polygonal crusts are thick,
with small surface relief, mostly <10 cm high and develop into
a distinctive pattern of ridges that are polygonal in plane form
Fig. 3a. Due to scarcity of rainfall, the crusts form with clearly
deﬁned uplifted polygon margins. The diameter of the polygons
usually ranges from 15 to 20 cm and varies with the thickness of
the salt crust, which affects the mechanical strength of the crust
[32]. White, efﬂorescent halite commonly forms along the mar-
gins of some of the polygons, also inside them, caused by evap-
oration of the groundwater brine that is drawn up to the surface
by capillary pressure. The continuous growth and development
of polygonal crusts without interruption for a long time pro-
duces a high-relief blocky surface, mostly >50 cm high
Fig. 3b. Imitative salt crusts were also recognized and may be
completely ﬁlled with sandy muddy sediments of the same grain
size as the sediments underlying the crust Fig. 3c. They form
when the surface was previously affected by wind. Smoot and
Lowenstein [33] recorded similar crusts andmentioned that imi-
tative efﬂorescent crusts rarely form on completely ﬂat sediment
surface, and that the crystallization of efﬂorescent salt partially
preserves the preexisting surfacemorphology by leaving a cast of
its original form. Other well recognized crusts often exhibit an
irregular network of puffy or dome-like blisters Fig. 3d. They
are rounded to oval in shape; the diameter varies between 2
and 3 cm. They include a higher proportion of underlying sedi-
ment and adhering eolian dust. Goodall et al. [32] have docu-
mented a similar structure in modern salt ﬂats in SE Arabia
and revealed that in blisters to form, the halite must be precipi-
tated in an irregular manner and at different rates, which causes
the salt crust surface to be characterized by a randomnetwork of
rounded pressure ridges rather than themore organized polygo-
nal pattern. They also added that the close proximity of the pres-
sure ridges to each other interrupts growth and causes the
polygonal network to lose its integrity and become more
dome-like.
Microbially induced surface sedimentary structures
Because the studied site is relatively isolated anthropogenic
activity is low, and in the absence of metazoans grazing,
Fig. 3 Supratidal ﬂat of efﬂorescent halite crusts: (a) thick polygonal crusts with small surface relief. Halite is commonly growing along
the margin and inside the polygons, (b) high-relief blocky crusts. N.B. Growth of halite along the fractures, (c) imitative salt crusts
completely ﬁlled with sandy muddy sediments, (d) an irregular network of dome-like blisters.
Fig. 4 Frozen multidirected ripple marks: (a) two different generations of ripple marks (I and II, scale is 1 m), (b) thick bioﬁlm binding
and trapping sand grains leading to stabilization of the sediment surface, arrow points to M. chthonoplastes. Scale is 10 lm.
582 A.G. Tahermicrobial mats can grow freely without being disturbed.
Microbial ﬁlms and mats occur mainly along the margin of
the saline pools. Field observations in such areas revealed a
variety of structures induced by microbial mats and bioﬁlm
including frozen multidirected ripple marks, crinkle structures,
jelly roll and petee structures.
Frozen multidirected ripple marks in the sense of Gerdes
et al. [34] are patterns of consolidated ripple marks of various
directions Fig. 4a. They are characteristic features of the upper
intertidal to lower supratidal zones [5]. This ripple pattern
arises from a set of subsequent storms each of which forms a
generation of ripple marks. During the periods in between
the storm events, the newly formed ripple marks are over-
grown and biostabilized by microbial mats and thus cannot
be reworked by the later events [10]. Field observations re-
vealed that frozen multidirected ripple marks form during
the spring growth season where a homogenous microbialmat veneer was observed over the sediment surface. SEM
study of samples taken from these mats revealed that EPS of
the common Microcoleus chthonoplastes was seen to bind sed-
iment grains in the samples collected from the upper 2 mm of
the surface layer. The processes of trapping, where particles are
glued to the mat surface and binding where the mat gradually
incorporates grains as it grows upwards are discussed by Ger-
des et al. [34]. Sand grains of the studied samples that had been
transported by wind are seen to be incorporated into the bio-
ﬁlm by the trapping and binding process Fig. 4b. Filamentous
cyanobacteria, particularlyM. chthonoplastes, have great effect
in modifying the sediment surface as they form thick sheaths
consisting of EPS which is very tough and resistant to degrada-
tion [21]. In addition, Gerdes and Krumbein [19] in their study
of the tidal ﬂats of the North Sea have revealed that the
biomass production is increased in places characterized by
the predominance of M. chthonoplastes. Accumulation of
Microbially induced sedimentary structures 583sedimentary particles by binding and trapping is a typical fea-
ture associated with this species [24]. Besides this, the binding
meshwork of thick EPS effectively interweaves and stabilizes
the surface sediments [35,26].
Salt-encrusted crinkle mats are conﬁned to the periphery of
the perennial saline pools. They appear as gently meandering
uplifted microbial ridges with crests up to 2–5 cm. When
viewed from up, such crests show more or less planar surfaces
Fig. 5a. Crinkle structures result from the burial of microbial
mats by freshly deposited sand [9]. High evaporation rates
on the highest intertidal portion have resulted in the precipita-
tion of gypsum and halite crystals within and beneath the
microbial mat. The crystallization of halite and gypsum results
in load pressure over the sediments which squeezes water out
of the organic layers and probably enhance lithiﬁcation pro-
cesses. SEM study of representative samples taken from such
structures showed that bioﬁlms colonize ﬁrst the deepest parts
of the sediment surfaces as they provide greater moisture and
protect the organisms against erosion [6]. They are found to ﬁll
the voids in and between the particles Fig. 5b and c. In ad-
vanced stages, the whole surface is covered by spider web-like
structure of bioﬁlm leading to a planar surface morphology
Fig. 5d. Noffke et al. [35] documented similar features during
their study in the tidal ﬂats of the North Sea, where biomass
production is high and named such microbial activity leveling.
They revealed that ﬁlamentous mat-builders shelter their sub-
strate against erosion by entangling sand and silt grains along
the sediment surface. The microbes also secrete extracellular
polymers that further increase the cohesion of surﬁcial sedi-
ments [36]. In the fossil record, crinkle structures are docu-
mented in Archean sandstone [7], in Proterozoic [37], in the
lower and middle Cambrian as well as the Silurian of Sweden
[11].Fig. 5 Salt-encrusted crinkle mats: (a) meandering uplifted microbial
(b) thin section of microbial mats of ﬁlamentous cyanobacteria coa
colonizing the deepest parts of the sediment surfaces and ﬁlls the vo
structure of bioﬁlm coating the whole particles of sand and gypsum cAnother feature of particular interest, which is conﬁned to
the very shallow parts of the pools where the thickness of the
mat is about 0.5–0.7 cm, is the jelly roll structures Fig. 6a.
They indicate the high production of bioﬁlm and reﬂect the
cohesive behavior of soft and jelly-like surfaces of microbial
origin [38]. They are formed of 0.5–1 cm diameter separated
and rounded burst open bubbles reﬂecting the ﬂexible and
cohesive behavior of the soft mat. Cohesive behavior during
erosion, transport, and deposition is observed in both sand-
stones and mudstones and can be a very useful indicator of
microbial mat colonization [38]. Additionally, experimental
ﬂume studies by Hagadorn and McDowell [25] revealed that
microbial communities characterized by a thicker surface ﬁlm
provided greater erosional resistance and can inhibit the
growth of ripples entirely, so that the bed shear stresses result
in roll-up structures. They found that at ﬂow velocities that
produce ripples, no grain movement occurred, but at higher
ﬂow velocities (over ca 35 cm s1), the entire surface and sub-
surface part of the mat was folded and then curled up on itself
to form a roll-up structure. Cyanobacteria, even when they are
not abundant, signiﬁcantly affect the critical shear stress re-
quired for initiation of grain motion in medium sand [25].
During late summer, when the mat dries, it tends to break
apart into overthrust, saucer-like petee structures Fig. 6b. The
petees are thin crusts with small, mostly <10 cm high surface
relief and develop into a distinctive pattern of polygonal
rounded ridges in plane view. During wet seasons, microbial
mats were found to colonize the outer petee surfaces, while
during the dry season halite precipitates and leads to expan-
sion and overthrust of the surface crust. The diameter of the
polygons usually ranges from 25 to 50 cm and the relief is di-
rectly related to the groundwater level; the deeper the water
table, the higher the relief of the petee structure is.ridges with salt-encrusted crinkles. Length of Marker pen is 15 cm,
ted the sand and gypsum crystals. Scale is 500 lm, (c) bioﬁlm
ids in and between the particles. Scale is 10 lm, (d) spider web
rystals and leads to planar surface morphology. Scale is 2 lm.
Fig. 6 (a) Jelly roll structure formed of burst open bubbles reﬂecting the ﬂexible and cohesive behavior of the soft mat. Scale is 5 cm, (b)
polygonal overthrust petee structures in halite-encrusted siliciclastic sediments. Scale is 50 cm.
584 A.G. TaherPreservation potential of microbes with evaporites
It is highly accepted that evaporites could be preserved over
geological times where surface hydrological cycles are absent.
They would be able of preserving traces of life independent
of their producers. Evaporites, particularly halite, mineral pre-
cipitation permits the passage of photosynthetically active
radiation and acts as UV-light scatterers so they can provide
protection from cosmic radiation and allow certain life forms
to survive in salt ﬂuid inclusions for more than 100 million
years [39,40]. Moreover, the interior of halite crusts seems to
have unique microhabitats whose microenvironmental condi-
tions cannot be found in soils or other lithic substrates [41].
This particular microhabitat is determined essentially by its
hygroscopic nature which enhances the moisture conditions.
A study by Wierzchos et al. [42] has shown that cyanobacteria
which, grow within the pore spaces of rocks or below translu-
cent rocks can retain more moisture than ambient conditions.
In some cases however, they are endoevaporitic and found
only within the halite rocks other than colonizing the surface
of quartz grains. The ﬁne halite and its intercrystalline spaces
are occupied by air and/or high salt solution, a habitat that will
not only aid in the retention of moisture because of capillary
effects [43], but also might play an important role in condition-
ing the distribution and survival of microbial colonies [44].
Also cyanobacteria can carry out their metabolic activities un-
der the stressed conditions of high salt and even low water [45].
EPS could act as a shield, slowing down desiccation and ame-
liorating the extreme external conditions [46]. Rothschild et al.
[47] demonstrated that cyanobacteria inhabiting wet evaporite
crusts of halite and gypsum were metabolically active for a
long time after the dryness of the rock. The survival of archaea
halophiles in dry salt over geological time scales has been re-
ported by McGenity et al. [48].
Modern coastal sabkhas are widely colonized by microbial
mats and bioﬁlms. The abundance of a bioﬁlm of EPS reﬂects
the behavior developed by microbial mats living in such hyper-
saline systems. EPS layers allow cyanobacteria to increase their
fossilization potential through early diagenesis of crystalliza-
tion and cementation by gypsum and halite of these soft
shaped layers. Preservation of EPS and bioﬁlms depends on
their rapid lithiﬁcation before degradation [19]. Once lithiﬁed,
these gel layers retain their biologic related morphology, which
can be recognized in the fossil record. Furthermore, in carbon-
ate environment the formation and persistence of ancient stro-matolites depend on the binding and stabilizing of sediments
by microbial mats and bioﬁlms [31]. The initial biogenic stabil-
ization of depositional systems may be an essential require-
ment to allow or enhance future lithiﬁcation of the sediments
[49].
The preservation potential of microbial mats with ancient
evaporites has been documented by many authors. Barbieri
et al. [50] studied the Upper Pleistocene evaporite deposits of
a wide continental sabkha in southern Tunisia and found that
biosignatures, with an intimate association with mucilaginous
slime, are mostly contained in gypsum lithofacies precipitated
from high salt-concentrated waters. These biosignatures in-
clude gypsiﬁed microﬁbers formed after the partial degrada-
tion of bacterial mucilaginous secretions. Recently, Noffke
et al. [51] studied the Archean stromatolites in the Pilbara area
of Western Australia which include a mixed carbonate–evapo-
rite–siliciclastic coastal sabkha. The microbial mats generate a
plethora of well-preserved MISS arising from interaction with
sedimentary processes such as erosion or evaporite crystal
growth. Upon comparison of fossil and modern biogenic struc-
tures and their facies-related distribution in sabkha settings,
they strongly addressed the presence of microbial communities
in the Paleoarchean of such hypersaline and extreme
ecosystem.
Conclusions
Sabkhas, with its easier recognition and sampling is a good
model not only for evaporites deposition in shallow marine
environments, but also for preserving potential of traces of life
within chemical precipitates. The climate of Ras Gemsa is hot
and dry and solar radiation is intensive. These conditions favor
the deposition of halite, which serves as a good conduit for
light, reduces the effect of intensive harmful solar radiation,
and provides protection from high cosmic radiation, which al-
lows microbial mats to survive and ﬂourish. The area is char-
acterized by a low sedimentation rate, little wave action, lack
of bioturbation, and is protected by vegetated patches of sea
grasses, which results in an optimal development of microbial
mats and bioﬁlms. The microbial mats of Ras Gemsa sabkha
produce distinctive sedimentary structures such as frozen mul-
tidirected ripples, salt-encrusted crinkle mats, jelly roll struc-
tures and petee structures. Most of these structures were
found to be encrusted with halite. Thus within the halite rich
rocks there will continually exist conditions suitable for the
Microbially induced sedimentary structures 585survival of microbes, particularly cyanobacteria. If the right
balance is met between absence of surface hydrological cycles
and rapid sealing provided by precipitating evaporite minerals,
an ultimate lithiﬁcation process with good preservation of
microbially induced sedimentary structures can form. Intensive
researches on microbial processes occurring in modern coastal
sabkhas, which are extensively inhabited by microbial mats
and bioﬁlms, are needed to open the path of fully and better
understanding of ancient microbial biota.
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